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Abstract
Background: Abnormal coactivation of leg extensors is often observed on the paretic side of stroke patients while
they attempt to move. The mechanisms underlying this coactivation are not well understood. This study (1)
compares the coactivation of leg extensors during static contractions in stroke and healthy individuals, and (2)
assesses whether this coactivation is related to changes in intersegmental pathways between quadriceps and
soleus (Sol) muscles after stroke.
Methods: Thirteen stroke patients and ten healthy individuals participated in the study. Levels of coactivation of knee
extensors and ankle extensors were measured in sitting position, during two tasks: maximal isometric voluntary contractions
in knee extension and in plantarflexion. The early facilitation and later inhibition of soleus voluntary EMG evoked by femoral
nerve stimulation were assessed in the paretic leg of stroke participants and in one leg of healthy participants.
Results: Coactivation levels of ankle extensors (mean ± SEM: 56 ± 7% of Sol EMG max) and of knee extensors (52 ±
10% of vastus lateralis (VL) EMG max) during the knee extension and the ankle extension tasks respectively were
significantly higher in the paretic leg of stroke participants than in healthy participants (26 ± 5% of Sol EMG max and 10
± 3% of VL EMG max, respectively). Early heteronymous facilitation of Sol voluntary EMG in stroke participants (340 ±
62% of Sol unconditioned EMG) was significantly higher than in healthy participants (98 ± 34%). The later inhibition
observed in all control participants was decreased in the paretic leg. Levels of coactivation of ankle extensors during the
knee extension task were significantly correlated with both the increased facilitation (Pearson r = 0.59) and the reduced
inhibition (r = 0.56) in the paretic leg. Measures of motor impairment were more consistently correlated with the levels
of coactivation of biarticular muscles than those of monoarticular muscles.
Conclusion: These results suggest that the heteronymous pathways linking quadriceps to soleus may participate in
the abnormal coactivation of knee and ankle extensors on the paretic side of stroke patients. The motor
impairment of the paretic leg is strongly associated with the abnormal coactivation of biarticular muscles.
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Background
Stroke patients often present a pathological extension
synergy in the affected leg while attempting to move
voluntarily [1]. This synergy is characterized by a stereo-
typical simultaneous activation of leg extensors, which is
often referred as abnormal coactivation and may result
in coupled movements of the hip, knee and ankle in
extension during various tasks such as gait [1-4]. In the
present paper, we will use the term “coactivation” to
describe the simultaneous EMG activity in the knee and
ankle extensor muscles and not the term “cocontrac-
tion”. Since Sir Charles Sherrington formulated the prin-
ciple of reciprocal inhibition, the latter has mostly been
used to refer to the simultaneous activation of antago-
nist muscles.
As part of this extension synergy, the coactivation of
knee and ankle extensors may have a major effect on
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out-of-phase activation during gait [5,6], their abnormal
coactivation should be considered in the evaluation of
walking disorders of the hemiparetic leg [7]. Although
improper coactivation of leg extensors is clinically
described in stroke and in various lesions of the central
nervous system [1,8,9], only a few studies have quanti-
fied this coactivation.
In patients with central nervous system lesions, abnor-
mal synergistic coactivations have been mostly measured
during isolated contractions in static conditions [10-12].
In such tasks, where constraints due to movement are
reduced and where the central nervous system has fewer
parameters to control, the relationship between the cou-
pling of the torques generated across the joints and the
pattern of muscular recruitment is more easily inter-
preted than in dynamic tasks [11]. Some abnormal pat-
terns of muscular recruitment and torque generation
that are compatible with the pathological extension
synergy have been shown in static conditions in cerebral
palsy [11,13] and after stroke [14]. Regarding stroke,
o n l yaf e ws t u d i e sh a v eq u a n t ified abnormal coactiva-
tions at the paretic leg and no study has related them to
motor impairments. Furthermore, the mechanisms
underlying the abnormal synergistic activation of leg
extensors in hemiparesis are still unclear.
Spinal interneurones are part of basic sensorimotor
mechanisms that integrate descending and peripheral
inputs. They can modulate the activity of motoneurones
of muscles acting at the same joint or at different joints.
Several studies have linked the malfunction of these
pathways to motor deficits on the paretic side of stroke
individuals. Modifications of the reciprocal inhibition of
antagonist muscles acting at the same joint have been
associated with changes in muscle tone [15], hyperre-
flexia [16] and the level of motor recovery in hemipar-
esis [17]. Heteronymous pathways are spinal pathways
that can regulate the activity of motoneurones acting at
different joints and thus, contrarily to homonymous
pathways, link different spinal levels [18]. Changes in
transmission in these propriospinal pathways are
thought to contribute to incoordination of the paretic
arm [19]. Alterations in such pathways have been docu-
mented at rest in the lower limb [20,21] and during gait
[22] in stroke patients. In response to the stimulation of
quadriceps muscles afferents, using femoral nerve stimu-
lation, an abnormal increase in the early facilitation and
a decrease in the later inhibition of both soleus Hoff-
mann reflex (H reflex) and voluntary EMG have been
found in hemiparesis consecutive to stroke [23,24].
Moreover, incoordination of the paretic leg has been
correlated to this increased heteronymous facilitation
[23]. The question then arises as to whether the abnor-
mal coactivation of knee and ankle extensors in the
paretic leg is related to the malfunction of intersegmen-
tal pathways linking quadriceps to soleus.
This study aims (1) to compare the level of coactiva-
tion of knee and ankle extensors during maximal iso-
metric voluntary contractions between stroke and
healthy individuals; (2) to assess whether this coactiva-
tion is related to changes in the spinal pathways control-
ling heteronymous modulation of soleus activity by
femoral nerve stimulation at the paretic leg. A prelimin-
ary report of the findings has been presented elsewhere
[25].
Methods
Participants
Thirteen stroke patients with chronic hemiparesis (mean
± SD: 49 ± 15 years; 7 males, 6 females) and ten healthy
individuals (44 ± 13 years; 8 males, 2 females) of similar
age (p = 0.5) participated in the study. All participants
gave their written informed consent to the study, which
had been approved by the internal ethics committee of
the institutions of the Center for interdisciplinary
research in rehabilitation of greater Montreal. Stroke
participants were recruited based on the following inclu-
sion criteria: a single cerebrovascular accident involving
the motor cortex, internal capsule or sub-cortical areas
as documented by brain imagery and resulting in motor
deficits of abrupt onset affecting the contralateral leg.
All patients tested had detectable patellar and Achilles
tendon reflexes in the paretic leg. Moreover, all partici-
pants were able to produce sustained voluntary contrac-
tions of knee and ankle extensors, in order to perform
the experimental tasks, which consisted of pushing on a
pad with the leg and pressing on a fixed platform with
the forefoot, in sitting position. Individuals with stroke
were excluded if they were on antispastic, anxiolytic or
antidepressant medication at the time of the study, or if
they had receptive aphasia, hemispatial neglect, or pas-
sive range of motion limitation of the paretic leg that
could interfere with the experimental positioning. More-
over, participants with stimulators (e.g. pacemaker) or
metallic implants were excluded, as were those with
orthopaedic or neurological disorders other than stroke.
Clinical assessment
Prior to the experimental sessions, stroke participants
were evaluated for level of motor coordination, level of
motor impairment, degree of spasticity at the paretic leg
and self-selected comfortable gait speed. The level of
motor coordination of the paretic lower limb was mea-
sured using the Lower Extremity Motor Coordination
Test (LEMOCOT), validated for stroke individuals [26].
In this test, participants are seated and instructed to
alternately touch with their foot, as fast and as accu-
rately as possible, two standardized targets placed 30 cm
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COT score was calculated as the number of times the
subject touched the two targets. The level of motor
impairment was measured using the reliable Chedoke-
McMaster Stroke Assessment (CMSA) subscale for
motor recovery stage at the paretic foot [27]. This sub-
scale ranges from 1 (no residual motor function) to 7
(no residual motor impairment) and is based on Brunn-
strom’s stages of motor recovery of the lower extremity
[ 1 ] .T h ed e g r e eo fs p a s t i c i t yo ft h ep a r e t i ca n k l ew a s
measured with a reliable composite spasticity index
(CSI) designed for stroke patients. Practical considera-
tions in the use of CSI are described by Levin and Hui-
Chan (1993) [28]. Briefly, this index is a 16-point scale
that includes subscales measuring the amplitude of the
Achilles’ tendon tap jerk (4-point), duration of the clo-
nus (4-point) and the resistance to passive stretching of
ankle extensors at moderate speed (8-point). Interval
values of 1-5, 6-9, 10-12 and 13-16 correspond to
absent, mild, moderate and severe spasticity, respectively
[28,29]. The self-selected overground comfortable walk-
ing speed was evaluated using a stopwatch to measure
the time taken to cover a 10-meter distance (mean of
three trials) without technical assistance (cane, walker)
or orthosis [30,31]. Table 1 presents demographic data
and clinical characteristics of stroke participants with
heterogeneous levels of disability. This clinical evalua-
tion was followed by the experimental session, which
comprised two assessments performed in random order,
the same day: 1) evaluation of the coactivation of knee
and ankle extensors on a dynamometer and 2) electro-
physiological exploration of the heteronymous
modulation.
Assessment of the coactivation
Experimental set-up and instrumentation
A Biodex system 3 dynamometer (Biodex Medical Sys-
tems, Inc., Shirley, New York) was used to measure the
torques generated during two tasks: the maximal iso-
metric knee extension and plantarflexion. Prior to each
session, the dynamometer was calibrated. Figure 1 pre-
sents the experimental set-up. Participants were comfor-
tably seated on the Biodex accessory chair. The paretic
leg was tested in stroke participants. The tested leg was
randomized in control participants since previous pilot
experiments showed no difference in the level of coacti-
vation of knee and ankle extensors between the domi-
nant and non-dominant sides of healthy subjects during
maximal isometric knee extension and ankle extension
tasks. For the knee extension task, the knee was flexed
at 60°, which has been demonstrated to be the angle of
maximal isometric knee extension force generation
[32,33]. Torque levels generated were automatically
adjusted for gravity by the Biodex software. For the
plantarflexion task, all participants were seated with the
knee slightly flexed (10°) and the ankle was fixed in
plantarflexion (110°) [34].
EMG activities of soleus (Sol), lateral gastrocnemius
(GL), rectus femoris (RF) and vastus lateralis (VL) were
simultaneously recorded. The skin was carefully pre-
pared before placement of the disposable, self-adhesive,
Ag/Ag-Cl surface electrodes (Ambu
® Blue Sensor M)
fixed in a bipolar configuration (2-cm center-to-center
interelectrode distance leaving 8 mm spacing between
the recording areas) over the belly of each recorded
muscle. EMG signals were tested for crosstalk by per-
forming standard muscle testing, rapid alternating
Table 1 Demographic and clinical data for participants with stroke
Participant Age/
gender
Side of brain
lesion
Time since stroke
(months)
CMSA at Foot
(/7)
LEMOCOT
(no. of hits on
targets)
CSI
(/16)
Gait
speed
(m/s)
1 57/M L 79 5 31 10 0.7
2 24/M L 97 3 5 13 0.3
3 43/F R 38 6 26 6 1.1
4 59/M L 76 7 23 5 0.7
5 45/M R 79 7 20 8 1.3
6 72/M L 48 5 19 6 0.9
7 59/F L 57 7 19 7 0.6
8 43/F R 90 3 19 8 1.0
9 72/M L 96 4 13 7 0.6
10 28/F R 108 4 12 12 0.9
11 45/F L 96 7 52 5 1.2
12 54/M R 149 2 1 7 0.5
13 30/F R 103 5 10 11 1.1
LEMOCOT: Lower Extremity Motor Coordination Test; CMSA at Foot: Chedoke-McMaster Stroke Assessment at the foot; CSI: Composite Spasticity Index
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tance. EMG activities were collected using a telemetric
system (Telemyo 900, NORAXON Telemyo System,
Scottsdale, AZ), relayed to a battery powered amplifier
(2000x) with a bandwidth of 10 to 500 Hz and trans-
mitted to a receiver interfaced with a PC card. These
signals were acquired at a sampling rate of 1200 Hz
using software constructed on a LabVIEW 5.0 platform
(National Instruments) and stored on computer for later
analysis.
Experimental protocol for coactivation assessment
Prior to each task and to any data collection, all partici-
pants had a 5-minute practice during which they
produced submaximal isometric contractions (4-7 trials)
on the dynamometer. After the practice, a 5-minute rest
period ensued. Before performing each experimental
task, participants were first instructed to relax comple-
tely (background EMG below 5 μV). During the assess-
ment, they were instructed to fold their arms across
their chest and were verbally encouraged to reach their
maximal isometric voluntary contraction as soon as pos-
sible after a “GO” signal and to hold a steady contrac-
tion for 4 s, with the visual feedback of the ongoing
torque generated [35,36]. A minimum 2-minute rest
period was given after each trial. For each task, the
EMG signals and the torque output were simultaneously
recorded for 10 s after the GO signal for three trials.
Data analysis for coactivation assessment
All analyses were performed off-line. EMG signals were
filtered using a zero-phase shift fourth-order digital But-
terworth band-pass filter (20-125 Hz) and were full-
wave rectified to obtain smoothed linear envelopes. The
maximal torques in knee extension and plantarflexion
were determined by averaging the maximal torque out-
puts of three trials for each task. Figure 2 presents
examples of EMG traces during the two tasks in a con-
trol and a stroke participant. For the knee extension
task, the coactivation levels of the plantarflexors with
reference to the quadriceps were determined, for each
trial, by the mean EMG activity of soleus and gastrocne-
mius lateralis within the 250-ms time windows when
maximal mean EMG activity was reached at VL (Sol at
VLmax;G La tV L max)a n da tR F( S o la tR F max;G La t
RFmax). For the plantarflexion task, the coactivation
levels of the quadriceps with reference to the plantar-
flexors were determined, for each trial, by the mean
EMG activity of VL and RF within the 250-ms time win-
dows when maximal mean EMG activity was reached at
Sol (VL at Solmax;R Fa tS o l max)a n da tG L( V La t
GLmax;R Fa tG L max). For each muscle, the mean coacti-
vation level was the average of the three trials per task
and expressed as a percentage of the maximal EMG
achieved in that muscle across the three trials of knee
extension for VL and RF, and of plantarflexion for Sol
and GL.
Electrophysiological evaluation of the heteronymous
modulation
Experimental set-up and instrumentation
Participants were comfortably seated in a position simi-
lar to the one during the plantarflexion task of the
assessment of coactivation in an adjustable reclining
armchair with the foot strapped with Velcro to a fixed
pedal. The femoral nerve was stimulated with a 1-ms
duration monophasic rectangular pulse (Grass S88 sti-
mulator) delivered by a cathode (half-ball of 2-cm dia-
meter) at the femoral triangle and an anode (11.5 cm ×
Figure 1 Photographs of the experimental set-up for the
assessment of the coactivation. Participants were comfortably
secured in sitting position with the chest, pelvis and the tested leg
being firmly anchored to the Biodex chair. A. For the knee
extension task, the input axis of the dynamometer was adjusted to
align with the knee axis of rotation through the lateral femoral
condyle and the foot was left free. B. For the plantarflexion task, the
ankle joint (lateral malleolus) was aligned with the input axis of the
dynamometer and fixed in plantarflexion (110°) using the standard
Biodex ankle unit attachment. EMG activity was recorded from
vastus lateralis (VL), rectus femoris (RF), soleus (Sol) and
gastrocnemius lateralis (GL).
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Stimulation intensity was progressively increased to
determine the thresholds of the H reflex and of the M
response (MT) for vastus lateralis. The intensity was
then maintained at 2 × MT of vastus lateralis for the
rest of the experiment. EMG activities of soleus and vas-
tus lateralis were recorded (Grass, model 12 acquisition
system) using bipolar surface electrodes (Beckmann, Ag-
AgCl; 9 mm diameter) placed 2 cm apart (center-to-
center). The recording electrodes were secured over the
belly of vastus lateralis and soleus. EMG signals were
first amplified (5000 x), then filtered (30-1000 Hz)
(Grass, model 12 A 5) and finally, acquired at a sam-
pling rate of 5 kHz. EMG signals were displayed on an
oscilloscope and stored on computer for off-line
analysis.
Experimental protocol for evaluation of the modulation
Participants were instructed to press with the forefoot
on the fixed platform in order to produce isometric
plantarflexions. The level of EMG activity of soleus dur-
ing maximal isometric voluntary contractions in plantar-
flexion (EMGmax) of 5-second duration was first
determined for each participant (mean of three trials).
All participants then produced isometric steady plantar-
flexions to activate soleus at 30% of EMGmax.
Throughout the experiment, an analogue voltmeter
facing the participant displayed visual feedback of the
level of voluntary activity achieved at soleus (rectified
and integrated EMG activity surface) for baseline con-
trol. Contractions had to be maintained for at least 3 s
and a minimum rest period of 20 s was allowed between
each of them. Random stimulations of femoral nerve at
2 × MT of vastus lateralis were performed during these
contractions so that stimulation occurred in about one
out of three contractions. The interval between the
onset of soleus activation and the stimulation was also
randomized. This ensured that participants would not
be able to predict at which contractions the stimulation
would be applied, or exactly when it would occur after
the onset of soleus activation. For each leg tested,
unconditioned and conditioned voluntary EMG activities
of ten trials of femoral nerve stimulation were recorded
during soleus voluntary contractions.
Data analysis for evaluation of the modulation
Assessments of the heteronymous modulation were per-
formed off-line. For each trial, soleus EMG was full-
wave rectified for 100 ms before to 80 ms after the sti-
mulation of the femoral nerve. The latency of the
changes in soleus EMG was expressed in terms of the
zero central delay, that is when the fastest femoral nerve
Figure 2 Levels of EMG activity of knee and ankle extensors during the knee extension and plantarflexion tasks in a healthy and a
stroke participant. Traces of rectified EMG activities of vastus lateralis (VL), rectus femoris (RF), soleus (Sol) and gastrocnemius lateralis (GL)
(expressed in μV) are presented on the paretic side of a stroke participant (lower row) and on the right side of a control participant (upper row).
For each participant, traces are plotted for one second of contraction during maximal knee extension (left panel) and during maximal
plantarflexion (right panel). Vertical bars represent the 250-ms time windows when maximal EMG activity was achieved in VL and RF during the
knee extension task and in Sol and GL during the plantarflexion task.
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soleus motoneurone pool. This zero central delay was
calculated for each participant from the latency of soleus
H reflex and from the difference in afferent conduction
time between homonymous and heteronymous Ia path-
ways [37,38]. The mean zero central delay of control
participants (mean ± SEM: 24 ± 0.6 ms; ranging from
22 to 27 ms) was not different from that of stroke parti-
cipants (23 ± 0.5 ms; ranging from 21 to 26 ms).
For both healthy and stroke participants tested in this
study, early facilitation was found to peak within 6 ms
after the zero central delay and to reach a maximal
duration of 12 ms in healthy participants and 36 ms in
some severely affected stroke participants. In healthy
participants, the later inhibition could be observed as
early as 6 ms after the zero central delay and lasted
about 40 ms. Thus, in each participant, the level of facil-
itation was measured by the surface of soleus EMG
within the window of analysis from 0 to 6 ms after the
zero central delay (about 25 to 31 ms after femoral
nerve stimulation). The later inhibition was assessed
within 3 consecutive time windows of analysis of 12-ms
duration each, from 12 to 24 ms, 24 to 36 ms and 36 to
48 ms after the zero central delay (about 37 to 73 ms
after femoral nerve stimulation). Facilitation and inhibi-
tion levels were measured for each trial, at each time
window, as the difference between the integrated recti-
fied EMG after the conditioning stimulation (condi-
tioned EMG) and before the stimulation (unconditioned
EMG). This difference was expressed as a percentage of
the control EMG measured within a window of 100 ms-
duration just before the stimulation and then normal-
ized for the duration of the time windows of analysis.
Mean facilitation and inhibition of soleus voluntary
EMG were assessed on ten trials of isometric
contraction.
Statistical analysis
For the coactivation assessment, Mann-Whitney U-tests
were used to compare the levels of coactivation between
the two groups (stroke vs. healthy). Wilcoxon signed
rank tests were performed to compare the levels of
coactivation of different muscles within the same group.
Spearman rank correlations were used to correlate the
scores obtained for clinical tests of coordination
(LEMOCOT), motor recovery (CMSA), spasticity (CSI)
and gait speed with the coactivation levels measured in
stroke individuals. For the electrophysiological evalua-
tion, analysis of variance (ANOVA) using Scheffe’s
method were performed in order to determine whether
there was significant facilitation and inhibition through-
out the windows of analysis before and after femoral
nerve stimulation. Mann-Whitney U-tests were used to
compare the levels of modulation between the two
groups. Wilcoxon signed rank tests were performed to
compare the levels of soleus EMG before and after
femoral nerve stimulation within group or participant.
Pearson correlations were used to correlate the levels of
coactivation at the paretic leg with the levels of heteron-
ymous modulation. The Spearman rank test was per-
formed to assess the correlations between clinical scores
(LEMOCOT, CMSA and CSI) and electrophysiological
data. P values ≤ 0.05 were considered significant. All sta-
tistical analyses were performed using the Statistical
Package for Social Science (SPSS) software, version 17
for Windows.
Results
Coactivation of knee and ankle extensors
In both tasks tested, increased levels of coactivation
were found in stroke participants compared to control
participants. Figure 2 presents the EMG activity of knee
and ankle extensors (rectified and expressed in μV) dur-
ing one trial of the knee extension task and of the plan-
tarflexion task, in a control participant and a stroke
participant (#5 in Table 1). For the knee extension task,
the EMG activity of Sol (expressed as a % of its maximal
EMG) during maximal activations of VL and RF reached
29% (Figure 2A) and 27% (Figure 2B) respectively in the
control participant and 49% (Figure 2E) and 69% (Figure
2F) in the stroke participant. For the plantarflexion task,
the EMG activity of VL during maximal activations of
Sol and GL reached 2% (Figure 2C) and 3% (Figure 2D)
respectively in the control participant and 77% (Figure
2G) and 81% (Figure 2H) in the stroke participant.
Figure 3 shows the mean levels of coactivation of Sol
and GL (expressed as a % of their maximal EMG) dur-
ing maximal activations of VL and of RF, for the knee
extension task in all participants. Coactivations of Sol
observed in the stroke group were higher (P < 0.05)
than in the control group (A). In one stroke participant
with severely impaired coordination (#2 in Table 1),
coactivation of Sol reached 104% during the knee exten-
sion task and was thus similar to the maximal voluntary
activation of Sol during the plantarflexion task. Coacti-
vations of GL observed in the stroke group were also
higher (P < 0.05) than in the control group (B). More-
over, when levels of coactivation were compared
between monoarticular and biarticular muscles, the
mean level of coactivation of Sol (i.e. monoarticular)
was higher than the coactivation of GL (i.e. biarticular)
during maximal activation of quadriceps in both groups
(P < 0.05). Maximal torque generated during the knee
extension task in the stroke group (mean ± SD; 111 ±
33 Nm) was lower (P < 0.001) than in the control group
(192 ± 54 Nm).
Figure 4 shows mean levels of EMG coactivation of
VL and RF (expressed as a % of their maximal EMG)
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extensors during the knee extension task in 13 stroke and 10
healthy participants. Mean levels of coactivation of soleus (A) and
gastrocnemius lateralis (B) (expressed as a % of their maximal EMG)
during the maximal activation of vastus lateralis (at VL max) and
rectus femoris (at RF max) for the knee extension task. Vertical bars
= 1 SEM. Asterisks represent significant differences between the
stroke group (black bars) and the control group (white bars) (* p ≤
0.05; ** p ≤ 0.01).
Figure 4 Group comparisons of the coactivation of knee
extensors during the plantarflexion task in 13 stroke and 10
healthy participants. Mean levels of coactivation of vastus lateralis
(A) and rectus femoris (B) (expressed as a % of their maximal EMG)
during the maximal activation of soleus (at Sol max) and
gastrocnemius lateralis (at GL max) for the plantarflexion task.
Vertical bars = 1 SEM. Asterisks represent significant differences
between the stroke group (black bars) and the control group (white
bars) (* p ≤ 0.05; ** p ≤ 0.01).
Figure 5 Effects of femoral nerve stimulation on soleus
voluntary activity in two stroke participants and a control
participant. Traces of averaged rectified soleus EMG activities of ten
trials are presented on the paretic sides of stroke participants with
moderately (A) and slightly (B) impaired coordination and on the
right leg of a control participant (C). For each participant, traces are
plotted against the latency presented from 20 ms to 80 ms after
femoral nerve stimulation (lower scale), and from 0 to 48 ms after
the zero central delay (upper scale). Arrows indicate the zero central
delay, which is the expected time of arrival of the fastest femoral
nerve Ia volley at the motoneurone level of soleus. Horizontal lines
represent the mean amplitude of the unconditioned EMG activity
before femoral nerve stimulation (baseline EMG level). The early
facilitation was assessed within the time window from 0 to 6 ms
after zero central delay. Asterisks represent significant modulations
of soleus voluntary EMG within the four time windows of analysis
from 0 to 6 ms, 12 to 24 ms, 24 to 36 ms and 36 to 48 ms after the
zero central delay (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001).
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tarflexion task in all participants. Coactivations of both
VL (A) and RF (B) in the stroke group were higher (P <
0.001) than in the control group. In one stroke partici-
pant with severely impaired coordination (#12 in Table
1), coactivation of VL reached 135% during the plantar-
flexion task and was thus higher than the maximal
voluntary activation of VL during the knee extension
task. Moreover, when levels of coactivation were com-
pared between monoarticulara n db i a r t i c u l a rm u s c l e s ,
the mean level of coactivation of VL (i.e. monoarticular)
was higher than the coactivation of RF (i.e. biarticular)
during maximal activation of Sol in both groups (P <
0.05). Maximal torque generated during the plantarflex-
ion task in the stroke group (mean ± SD; 64 ± 26 Nm)
w a sl o w e r( p<0 . 0 0 1 )t h a ni nt h ec o n t r o lg r o u p( 1 2 5±
22 Nm).
Heteronymous modulation across participants
An increase in the early facilitation and a decrease in
the later inhibition of soleus voluntary EMG induced by
femoral nerve stimulation was observed in stroke parti-
cipants. Figure 5 shows the heteronymous modulation
in stroke participants with moderately affected (# 3 in
Table 1) and slightly affected coordination (# 11 in
Table 1) and in a control participant. Within the time
window from 0 to 6 ms after zero central delay, the
facilitation observed in the moderately impaired stroke
participant (mean ± SEM; 327 ± 66% of Sol uncondi-
tioned EMG surface) was higher (P < 0.05) than the
facilitation in the slightly affected participant (155 ±
17%) and than in the control participant (117 ± 35%). In
the next time window from 12 to 24 ms, the facilitative
modulation observed in the moderately impaired partici-
pant (increase of 40 ± 21% of Sol EMG) was different (P
< 0.05) from the inhibitions observed in the slightly
impaired individual (decrease of 45 ± 7%) and in the
control participant (decrease of 60 ± 7%). Within the
next two time windows from 24 to 36 ms and from 36
to 48 ms, the inhibitions in the moderately affected
stroke participant (decrease of 3 ± 9% and 18 ± 8% of
Sol EMG, respectively) were lower (P < 0.05) than the
inhibitions in the slightly affected stroke participant (32
± 20% and 28 ± 29%, respectively) and than in the con-
trol participant (52 ± 8% and 37 ± 7%, respectively).
Across all of the participants, a significant facilitation
(Scheffe’s method; P < 0.05) was observed from 0 to 6
ms after zero central delay in four out of ten control
participants and in nine out of thirteen of those with
stroke. Within the next three time windows, a signifi-
cant heteronymous inhibition was observed in all of the
control participants but was absent in four out of thir-
teen of those with stroke.
Heteronymous modulation across groups
Figure 6 shows the mean heteronymous modulation
observed in the stroke and control groups. Within the
time window from 0 to 6 ms after the zero central
delay, the early facilitation observed in the stroke group
(mean ± SEM; 340 ± 62%) was greater (P < 0.01) than
in the control group (98 ± 34%). The modulations
observed within the next two time windows in the
stroke group (facilitation of 82 ± 38% and 5 ± 13% of
Sol EMG, respectively) were different (P < 0.01) from
the inhibitions observed in the control group (decrease
of 41 ± 15% and 55 ± 5% of Sol EMG, respectively).
Within the last time window, the inhibition observed in
the stroke group (decrease of 27 ± 10%) was not signifi-
cantly different from the inhibition observed in the con-
trol group (decrease of 46 ± 8%).
Figure 6 Group comparisons of the effects of femoral nerve
stimulation on soleus voluntary EMG activity in 13 stroke and
10 healthy participants. Mean modulations of soleus voluntary
EMG activity induced by femoral nerve stimulation for the stroke
group (black bars) and the control group (white bars) (expressed as
a % of soleus unconditioned EMG surface). Modulations are
presented within the four time windows of analysis from 0 to 6 ms,
12 to 24 ms, 24 to 36 ms and 36 to 48 ms after the zero central
delay. Positive values (i.e. above zero on the ordinate) denote
facilitation and negative values denote inhibition. Vertical bars = 1
SEM. Asterisks represent significant difference in modulation
between the control and the stroke participants (* p ≤ 0.05; ** p ≤
0.01; *** p ≤ 0.001).
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modulations
Table 2 presents for both groups, the correlations
between the coactivations observed during both maxi-
mal isometric voluntary contraction tasks and the het-
eronymous modulation of soleus within the first two
time windows of analysis. In stroke participants only,
the coactivation levels of Sol and GL at VLmax during
the knee extension task were both correlated with the
modulations within the first two time windows of analy-
sis. No correlations were found between coactivation
levels during the plantarflexion task and levels of het-
eronymous modulation in either stroke or control parti-
cipants. Moreover, no correlations were found between
coactivation levels and the last two time windows of
analysis of the heteronymous modulation (24-36 ms and
36-48 ms).
Correlations with clinical measures
The level of coordination of the paretic leg (LEMO-
COT) was correlated with comfortable gait speed (r =
0.56; P = 0.048) and level of motor recovery (CMSA) (r
= 0.73; P = 0.005), and tended to correlate with degree
of spasticity (CSI) (r = -0.55; P = 0.052). Table 3 shows
the correlations between clinical scores and coactivation
levels in stroke participants. For the knee extension task,
GL coactivations were inversely correlated with coordi-
nation score (LEMOCOT), level of motor recovery
(CMSA) and self-selected comfortable gait speed, and
positively correlated with degree of spasticity (CSI). Sol
coactivations were not correlated with any of the clinical
measures, except for the coactivation of Sol at RFmax,
which was inversely correlated with comfortable gait
speed. For the plantarflexion task, the amounts of coac-
tivation of VL and RF were all inversely correlated with
the coordination score. However, only the coactivations
of RF were significantly correlated with level of motor
recovery and degree of spasticity.
Discussion
Coactivation of leg extensors after stroke
The present study shows, in stroke individuals, an
increased coactivation of knee and ankle extensors of
the paretic leg during ankle and knee extensions, respec-
tively. Only a few studies have quantified abnormal
coactivations of leg extensors in stroke patients. An
abnormal increased coactivation of knee and hip exten-
sors has been found in standing position during maxi-
mal isometric extensions of the paretic knee and hip
[39]. Stroke patients also demonstrated abnormal tor-
ques coupling between hip adduction and knee exten-
sion during submaximal isometric contractions while
standing with the leg positioned as the toe-off position
of gait [40].
One should point out that the effects of crosstalk
could have influenced the levels of coactivation observed
in the present study. However, these effects should be
similar in stroke and control participants and thus can-
not explain the difference in coactivation between the
two groups. Moreover, we compared activity in a proxi-
mal (vastus lateralis or rectus femoris) muscle versus a
distal (soleus or gastrocnemius) limb muscle considered
to be relatively far apart and recorded with the smallest
interelectrode distance possible. This makes crosstalk
less probable than comparing muscles that are close
together in the same limb segment such as antagonist
muscles.
Our results showed coactivation levels of gastrocne-
mius lateralis in the paretic leg that were twice the
levels found in healthy control subjects during knee
extension. Similarly, coactivations in vastus lateralis
were five times the levels found in control subjects dur-
ing plantarflexion. These results concur with another
study in which abnormal coactivations of gastrocnemius
and rectus femoris were found during maximal knee
extension and ankle extension after stroke, but in stand-
ing position [14].
Table 2 Correlation coefficients (Pearson) between heteronymous modulations of Sol produced by femoral nerve
stimulation and levels of coactivation in static tasks
Group Modulations Levels of coactivation
Time windows
(ms after ZCD)
Knee extension task Plantarflexion task
Sol GL VL RF
at VLmax at RFmax at VLmax at RFmax at Solmax at GLmax at Solmax at GLmax
Stroke (0-6) 0.59* 0.46 0.59* 0.52 -0.07 -0.05 0.19 0.22
(12-24) 0.56* 0.48 0.55* 0.41 0.15 0.16 0.30 0.35
Control (0-6) -0.28 -0.38 -0.17 -0.03 0.08 0.05 -0.06 -0.11
(12-24) -0.05 -0.16 -0.04 -0.02 -0.18 -0.19 -0.14 -0.16
Sol: Soleus; GL: Gastrocnemius Lateralis; VL: Vastus Lateralis; RF: Rectus Femoris; ZCD: Zero Central Delay; Significant correlations are in bold characters; *p ≤ 0.05
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duals with severely impaired coordination, the activation
of a muscle can be greater during its synergistic coacti-
vation with other muscles than during its activation
while attempting to produce maximal torque in a speci-
fic direction at which that muscle is normally preferen-
tially activated. One should consider that the present
study did not assess the ability of participants to pro-
duce isolated muscle activation. Participants were
allowed to choose whatever strategy they want, includ-
ing to produce coactivations, in order to perform the
tasks. This allows us to assess which muscles would be
preferentially recruited during these tasks. It should also
be noted that the positioning and support provided dur-
ing the two tasks could have favoured abnormal muscle
recruitments and coactivations in both groups. Our
results correspond with those of Neckel et al., (2006)
showing that, for leg extension in stroke subjects, the
secondary torque generated during the maximal volun-
tary contraction at another joint can be greater than the
maximal voluntary torque generated at that joint. This
concept of a greater recruitment of a muscle group dur-
ing its synergistic coactivation than while attempting to
specifically recruit it has been used in clinical rehabilita-
tion in the Brunnstrom and proprioceptive neuromuscu-
lar facilitation approaches of stroke [41,42].
The mechanisms underlying these abnormal coactiva-
tions are not well understood. Weakness, changes in
supraspinal influences and dysfunction of spinal path-
ways have been suggested as possible mechanisms con-
tributing to the development of synergistic coactivations
after stroke [10]. There is no consensus on the relation
between coactivations and weakness. On the one hand,
it has been proposed that coactivations are adaptive
compensations of the paretic limb, in which there is an
unequal distribution of weakness across joints and mus-
cles [10]. On the other hand, some evidence suggests
that coactivations may contribute to weakness rather
than be caused by a lack of strength of the paretic leg
[39,43]. It has been shown that increased cocontractions
of antagonists during ankle flexion and ankle extension
contribute to the joint torque deficits in those directions
in the paretic leg [14]. In the present study, cocontrac-
tions of agonist-antagonist pairs may have reduced the
net maximal torques produced at the paretic leg and
thus could have contributed to the weakness found in
stroke participants. Changes in supraspinal influences
after stroke can affect the ability to selectively activate
muscles and thus may contribute to abnormal patterns
of muscle activation. It has been suggested that an
enlargement of the cortical areas activated during volun-
tary tasks may participate in the abnormal synergistic
recruitment [10,44,45]. Moreover, our results point out
that changes in the propriospinal circuits could affect
these coactivations.
Changes in heteronymous modulation after stroke
An increase in early heteronymous facilitation and a
decrease in later inhibition of soleus voluntary EMG
after femoral nerve stimulation were observed in the
paretic leg of stroke individuals. Early heteronymous
facilitation and later inhibition are thought to be
mediated by intersegmental group Ia afferent excitation
and recurrent inhibition from femoral nerve to soleus
motoneurones, respectively [37,38,46-48]. Several spinal
mechanisms may contribute to modifications in het-
eronymous modulation after stroke. Among the defi-
cient mechanisms reported in hemiparesis, a reduction
in presynaptic inhibition of group Ia terminals [17] and
a decrease of post-activation depression [49], an increase
of group I and II intersegmental excitatory influences
[20,21] and changes in recurrent inhibition [50] could
potentially increase the heteronymous facilitation and
decrease the later inhibition.
Correlations between coactivations and heteronymous
modulation
Increased coactivation of plantarflexors during the knee
extension task was correlated with the enhanced het-
eronymous facilitation in the paretic leg. This suggests
Table 3 Correlation coefficients (Spearman) between coactivation levels of knee and ankle extensors and clinical
measures in stroke participants
Clinical tests Levels of coactivation
Knee extension task Plantarflexion task
Sol GL VL RF
at VLmax at RFmax at VLmax at RFmax at Solmax at GLmax at Solmax at GLmax
LEMOCOT -0.15 -0.20 -0.76** -0.75** -0.58* -0.55* -0.72** -0.55*
CMSAFoot -0.33 -0.19 -0.75** -0.73** -0.42 -0.38 -0.66* -0.69**
CSI 0.54 0.52 0.75** 0.68* 0.45 0.43 0.73** 0.87**
Gait speed -0.47 -0.56* -0.64* -0.70** -0.21 -0.20 -0.40 -0.43
Sol : Soleus; GL: Gastrocnemius Lateralis; VL: Vastus Lateralis; RF: Rectus Femoris; LEMOCOT: Lower Extremity Motor Coordination Test; CMSA: Chedoke-McMaster
Stroke Assessment at the foot; CSI: Composite Spasticity Index; GaitSpeed : Comfortable walking speed; Significant correlations are in bold characters; *p ≤ 0.05;**
p ≤ 0.01
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Page 10 of 13that changes of transmission in intersegmental pathways
linking quadriceps to soleus could participate in the
abnormal coactivation of ankle extensors when knee
extensors are voluntarily activated. One can hypothesize
that, in severely affected stroke patients, contractions of
knee extensors at high levels produce an overall facilita-
tive intersegmental influence on plantarflexors via short
propriospinal pathways, leading to their abnormal coac-
tivation. Conversely, no correlation was found between
the increased coactivation of knee extensors during the
plantarflexion task and the heteronymous modulation
that we studied. This absence of correlation during plan-
tarflexion strengthens the hypothesis that the interseg-
mental pathway that we stimulated is a propriospinal
pathway specifically linking quadriceps afferents and
soleus motoneurones. This also suggests that the
increased coactivation of knee extensors during plantar-
flexion may involve other spinal pathways than those
tested in the present study. These other pathways may
modulate the activity of knee extensors by transmitting
the influences from ankle extensors. Such intersegmen-
tal pathways do exist in humans, in whom quadriceps
motoneurones receive both excitatory and inhibitory
influences of group Ia afferents and recurrent inhibition
from soleus, respectively [18,51].
Relations between spinal changes and motor deficits
This is the first time, to our knowledge, that changes in
intersegmental pathways regulating the activity of moto-
neurones of muscles acting at different joints have been
related to the impairment of selective muscular activa-
tion after stroke. An abnormal increase in the interseg-
mental facilitation of quadriceps activity by group I and
group II afferents from common peroneal nerve was
found at rest and during gait in stroke patients, but was
not correlated to motor deficits [20-22]. Some evidence
suggests that intersegmental pathways may have a rele-
vant functional role. These pathways, which are modu-
lated during voluntary contractions [52,53] and
according to postural tasks [37], are thought to assist
bipedal stance and gait [18,37,51]. Intersegmental path-
ways are under the regulation of descending and periph-
eral influences [54]. Changes in supraspinal influences
consecutive to stroke may affect the regulation of these
pathways [55] and contribute to the establishment of
abnormal muscle activation patterns described in hemi-
paresis [56].
Functional considerations
Coactivation of plantarflexors during the knee extension
task was correlated with self-selected gait speed in
stroke individuals. The higher was the coactivation, the
slower the gait speed. This is a new finding; it suggests
that the inappropriate coactivation of leg extensors, as
revealed in static conditions in the present study, may
impede the accomplishment of a dynamic task such as
gait. Knee and ankle extensors are both anti-gravity
muscles that have a usual out-of-phase reciprocal activa-
tion during gait with quadriceps and calf muscles reach-
ing their peak activation at the beginning and at the end
of the stance phase, respectively [5,6]. Premature activa-
tion of ankle extensors as the limb is loaded is the
expression of an abnormal coactivation of these muscles
at the early stance phase in the paretic side of stroke
patients [3,4]. This coactivation has often been reported
in the paretic leg [57,58], and is thought to be a major
component of gait disorders after stroke [7]. Our results
suggest that the malfunction of intersegmental influ-
ences of quadriceps afferents projecting to soleus moto-
neurones may participate in this premature activation of
ankle extensors during peak activation of quadriceps at
the early stance phase of hemiparetic gait.
Another finding of this study was the lower coactiva-
tion of biarticular muscles compared to the coactivation
of monoarticular muscles in both sitting tasks on the
Biodex, in healthy and stroke participants. This may
reveal a differential control over mono- and biarticular
muscles in this particular type of motor task, which
requires torques to be produced in a specific direction
a tas i n g l ej o i n t .D e s c e n d i n gc o n t r o l sm a yf a v o rt h e
inhibition of biarticular muscles in these specific tasks
since their activation would produce unwanted torques
in other joints and thus reduce biomechanical efficacy.
Furthermore, clinical measures were more correlated
with the levels of coactivation of biarticular muscles
than those of monoarticular muscles, in both motor
tasks assessed. The lower was the motor function, the
higher the level of coactivation of biarticular leg muscles
in stroke participants. This suggests the importance of
the control of biarticular muscles in leg function.
Impairment of the specific control of biarticular muscles
after stroke could contribute to motor deficits in hemi-
paresis, particularly in coordination of the lower limb.
Several motor control studies have underlined the speci-
fic role of biarticular muscles in force orientation and
energy distribution across joints in the lower limb
[59,60]. This control may be impaired in hemiparesis as
suggested by an alteration of the normal phasic modula-
tion of the activity of biarticular muscles at the paretic
leg during a pedaling task [61].
Only changes in the intersegmental modulation from
quadriceps to soleus (a monoarticular muscle) have
been explored in the present study. However, changes in
intersegmental modulation of biarticular muscles in the
paretic leg have not been investigated. When consider-
ing the strong relationship between the coactivation of
biarticular muscles and motor function found in our
study, changes in spinal modulation of these muscles
Dyer et al. Journal of NeuroEngineering and Rehabilitation 2011, 8:41
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Page 11 of 13might be strongly related with motor function of the
paretic leg. Such modulation involving spinal pathways
liking quadriceps to gastrocnemius does exist in humans
[18,51]. Future studies should particularly explore
whether changes in pathways projecting from and to
biarticular muscles and from distal to proximal limb
segment are related with motor function of the paretic
leg.
Conclusion
There is an abnormal coactivation of knee and ankle
extensors during maximal static contractions of the
paretic leg of stroke patients with coordination deficits.
Alterations of intersegmental pathways linking quadri-
ceps to soleus are specifically correlated with the
increased coactivation of ankle extensors during the
knee extension task. Thus, these propriospinal pathways
may participate in abnormal coactivations of ankle
extensors while knee extensors are voluntarily activated
in the paretic leg. Coactivations of biarticular muscles
during static tasks directed at a single joint appear to be
more related to motor deficits after stroke, and thus
may have more functional impacts than coactivations of
monoarticular muscles. Future studies should investigate
the role of these and other intersegmental pathways in
the motor deficits observed during dynamic conditions
such as gait after stroke and in other central nervous
system lesions.
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